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Ultraviolet  photoemission  spectroscopy  using  hv«21.2eV 
and  filtered  40.8eV  radiation  as  well  as  temperature  programmed 
thermal  desorption  spectroscopy  are  used  to  investigate  the 
chemical  reaction  of  acetylene  with  Ni(100)  and  Ni(110)  surfaces 
at  room  temperature.  Striking  crystallographic  effects  and 
several  coexisting  phases  are  observed  and  found  to  be  coverage  i 
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and  temperature  dependent.  A  methodology  ia  described  and  used 
to  predict  the  relative  energy  levels  for  a  variety  of  adsorbed 
hydrocarbon  fragments  on  Ni  surfaces.  Such  levels  together  with 
the  thermal  desorption  spectra  are  used  to  identify  the  observed 
species.  In  particular,  CH  and  CCH  species  are  isolated  on  NMlOOj 
and  Ni (110)  surfaces,  respectively,  via  low  temperature  adsorption 
and  subsequent  pulsed  sample  warming  experiments.  The  room  temp¬ 
erature  adsorption  phases  are  deduced  using  these  ionization 
levels  together  with  those  of  chemisorbed  acetylene,  atomic  hydro¬ 
gen  and  carbon.  At  room  temperature  on  Ni(100)  H,  C,  CH  and 
C-H-,  species  form  together  below  2  Langmuirs  exposure  while  CH 
speCies  form  thereafter,  up  to  saturation  exposure  of  ^  10  Lang¬ 
muirs.  On  Ni(llO),  H  and  CCH  species  fora  below  1.5  Langmuirs 
exposure  followed  by  the  formation  of  CH-  and  likely  CH  species. 
The  relative,  stabilities  of  these  specie!  at  elevated  temperatures 
is:  C^H2<C2H<CH<CH^.  A  model  for  the  bonding  of  acetylene  and 

its  reaction  to  for«  CCH  species  on  Ni(110)  is  proposed^ 
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ABSTRACT  Ultraviolet  photoe million  spectroscopy  using  hr-2l  2eV  and  filtered  *0  SeV 
'adiation  as  well  as  temperature  programmed  thermal  desorption  spectroscopy  are  used  to 
investigate  the  chemical  reaction  of  acetylene  with  Ni(100)  and  Nil  110)  surfaces  at  room 
temperature  Striking  crystallographic  effects  and  several  coexisting  phases  art  observed  and 
found  to  be  coverage  and  temperature  dependent.  A  methodology  is  described  and  used  to 
predict  the  relative  energy  levels  for  s  variety  of  adsorbed  hydrocarbon  fragments  on  Ni 
surfaces  Such  levels  together  with  the  thermal  desorption  spectra  are  used  to  identify  the 
observed  species  In  particular .  CH  and  CCH  species  are  isolated  on  Nil  100)  and  Nil  110) 
surfaces,  respectively,  ns  low  temperature  adsorption  and  subsequent  pulsed  sample  warming 
experiments  The  room  temperature  adsorption  phases  are  deduced  asing  these  ionization 
levels  together  with  those  of  chemisorbed  acetylene,  atomic  hydrogen  and  carbon.  At  room 
temperature  on  Nil  100)  H.  C.  CH  and  C:H:  species  form  together  below  2  Langmuirs 
exposure  while  CH  species  form  thereafter,  up  to  saturation  exposure  of  -  10  Langmuirs  On 
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The  ability  of  LTV  phoioetnmion  spectroscopy  to  provide  chemically  specific  lofonnation  about 
adsorbed  species  has  made  it  a  useful  tool  for  surface  chemistry  The  ionization  levels  of 
adsorbed  species  can  in  many  cases  be  directly  related  to  those  of  free  molecules  so  as  to  allow 
an  assignment  of  the  adsorbed  species  (1-21.  In  cases  where  new  molecular  species  form  such 
an  identification  tt  is  not  possible  and  some  other  method  of  identification  must  be  used.  The 
relative  energy  levels  calculated  for  various  proposed  species  have  previously  been  used  to  help 
identify  new  surface  species  [3-*J.  Of  pnrticular  relevance  to  this  work  was  the  identification 
of  a  CH  species  formed  on  a  "chemically  modified'’  Ni(lll)  surface  (3].  Thu  identification 
was  later  confirmed  by  high  resolution  electron  energy  lou  studies  of  ihe  vibrations  of  thu 
new  surface  species  [3]. 

In  thu  work,  we  present  photocmtssion  studies  of  the  reaction  of  acetylene  with  (100) 
and  (110)  nickel  surfaces  at  room  temperature  Together  with  our  earlier  studies  of  Ni(ll!) 
(3.3 1  we  hope  to  better  understand  crystallographic  effects  in  the  reaction  of  acetylene  with  Ni. 
We  also  present  in  detail  the  methodology  we  use  to  predict  the  relative  valence  orbital  energy 
levels  of  many  possible  simple  hydrocarbon  species  such  as  CC.  CH.  CH;.  CCH  and  CCH;. 
These  levels  together  with  thermal  desorption  mass  spectroscopy  are  used  to  ellucidaie  the 
nature  of  the  acetylene  derived  species  We  find  that  the  reaction  of  acetylene  on  Ni(100)  and 
(110)  produces  several  new  species  which  we  can  identify  as  simple  hydrocarbon  fragments  to 
particular,  using  low  coverage,  low  temperature  adsorption  combined  wuh  momentary  thermal 
processing,  we  isolate  CH  species  on  Ni<100)  and  CCH  species  on  Ni(  1 10).  We  find  that  at 
room  temperature  and  low  exposures  oa  Ni(lOO)  and  Ni(H0)  several  adsorbed  species  form 
concurrently  molecular  acetylene,  atomic  carbon  and  hydrogen  and  CH  species  form  on 
Ni(100)  while  hydrogen,  chemisorbed  acetylene  and  CCH  species  form  on  Nt(llO).  For 
higher  exposures  at  room  temperature  we  observe  the  formation  of  CH  species  on  Ni(100)  and 
CH-  and  possibly  CH  species  on  Nl(  1 10). 


U  Experimental  Procedure* 


The  vacuum  chamber  is  turbomolecuiar  pumped  with  a  freon  cooied  titanium  vubiimator 
and  baffle  Typical  operating  pressures  of  l  a  10* 10  Ton  were  routinely  obtained.  As 
described  elsewhere  the  experimental  chamber  contains  facilities  for  in -situ  LEED.  AES.  UPS 
and  bmi  spectroscopy  studies  (3).  All  photoe mission  studies  were  performed  with  an  angle- 
integrating  cylindrical  minor  analyzer  ( CM  A )  and  a  DC.  resonance  lamp.  These  measure- 
menu  were  done  at  two  different  tune  penods  between  which  modifications  were  made  to  our 
resonance  lamp  so  as  to  achieve  higher  intensities  and  permit  filtered  h»—40  g  eV  studies  |6). 

The  Ni(tOO)  and  (110)  samples  were  prepared  by  conventional  techniques  (7]  and 
mounted  via  004  cm  dia.  0.6  cm  long  Ta  wire  onto  1.3  mm  dia.  molybdenum  leads  of  a 
multiple  sample  holder  Thu  holder  permitted  each  sample  to  be  liquid  nitrogen  cooled  to 
T-I00K  or  resistive  I  y  heated  to  T^UCOK  as  measured  with  a  chromel-alumel  thermocouple 
spot  welded  to  the  back  of  each  crystal  The  Ni(l  1 1)  sample  used  in  our  previous  study  (3.3) 
remained  on  our  manipulator  so  as  to  enable  comparative  m-situ  studies  of  all  three  principle 
low  index  faces  of  Ni. 

All  samples  were  cleaned  by  mild  oxidation  treatmenu.  argon  ion-sputtering  and  subse¬ 
quent  annealing  (3.7].  Characterization  of  the  clean  surface  was  performed  by  LEED.  Auger 
and  pbotoemuuion  analysis.  Purified  Maibesoo  acetylene  (>99  6%)  was  used  and  examined 
for  other  impurities  mass  spectroscopically  Characterization  of  the  LEED  patterns  upon 
acetylene  adsorption  and  reaction  was  not  undertaken  for  the  (110)  and  (100)  samples  The 
pressures  and  exposures  cited  here  are  uncorrected  ion  guage  readings,  and  due  to  the  location 
of  the  sample  and  too  guage  within  the  chamber,  these  pressure  readinp  may  likely  be  slightly 
higher  than  at  the  sample  (Ax  a  calibration  point  we  find  that  a  3L  exposure  of  actylene  to 
Ni(lll)  forms  a  p(2x2)  LEED  pattern  which  ideally  corresponds  to  a  quarter  monolayer 
coverage  (-  *  *  I014  molecules  car). 
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Temperature  programmed  thermal  desorption  (TPTD)  mass  spectroscopy  was  performed 
with  a  quadrupoie  mass  spectrometer  located  *■}"  away  and  in  tine  of  sight  to  the  sample 
Both  the  individual  products  as  a  function  of  temperature  and  the  total  dcsoipuon  products 
were  recorded  -  the  latter  using  a  storage  scope  and  a  fast  repetitive  scan  mode  of  the 
spectrometer  Since  hydrogen  was  the  dominant  product  liberated  after  sub-mooolaycr 
exposures,  we  generally  restricted  ourselves  to  monitoring  it  alone  (Our  multi-mass  sample 
and  hold  method  of  following  several  desorption  mass  simultaneously  [8]  was  therefore  not 
used).  The  sample  heaung  rates  used  were  10- IS  K.  sec. 

The  geometry  of  our  photocmission  measurements  as  well  as  the  conditions  of  our  d.c. 
resonance  lamp  at  the  two  different  tunes  are  the  same  as  those  reported  elsewhere  (4]. 
Again,  we  sec  that  changes  in  the  sample  orientation  produce  small  modifications  in  relative 
intensities  of  the  ionization  features  •  expected  due  to  angular  and  polanzaiion-dependent 
effects  tn  one  case  to  be  menuooed  later,  a  very  broad  omzation  feature  shows  slightly 
different  peak  positions  for  h»«21  2  and  40  8eV  We  associate  this  effect  with  two  overlap¬ 
ping  ionization  levels  which  have  different  frequency  dependencies  We  note  that  in  most 
cases  of  doing  h»-40  8eV  studies  the  orbital  ionization  intensities  were  so  weak  that  satura¬ 
tion  coverages  of  the  adsorption  reaction  process  were  only  studied  Thus,  coverage  depend¬ 
ent  studies  at  hv*2l.2eV  were  primarily  used  to  separate  and  distinguish  between  the  various 
phases 

III  The  Identification  of  Hydrocarbon  Species 

In  two  previous  papers  we  have  discussed  identifying  particular  surface  species  from  their 
observed  energy  levels.  This  has  involved  using  comparisons  to  analogous  gaseous  molecules 
(3)  as  well  as  to  Li  or  Be  substituted  homologous  (3.4).  free  radicals  (4]  and  model  calculations 
of  bound  fragments  on  a  nickel  cluster  (3.9).  In  all  cases  these  calculations  do  not  explicitly 
take  account  of  final  state  effects  so  that  any  comparison  to  experiment  must  be  made  on  a 
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relative  basis.  Namely,  (be  relative  experimental  level  poatiioiu  of  known  and  unknown 
specie*  are  compared  to  (be  relative  levels  of  calculated  species  In  (bis  manner  of  comparison 
we  avoid  having  to  ijuantitadvely  predict  I  P 't.  When  one  considers  the  many  efforts  to 
accurately  calculate  the  ionization  levels  of  CO  on  metal  surfaces  [10*13).  one  realizes  the 
difficulties  of  doing  umilar  calculations  for  hydrocarbon  species.  In  the  following  discussion 
we  summarize  (be  method  we  use  here  to  predict  the  relative  level  positions  for  a  variety  of 
simple  hydrocarbon  fragments  These  results  wtU  be  used  later  as  a  guide  to  help  understand 
our  photo*  mission  results. 

In  Fig.  I  we  show  tbc  measured  ionization  levels  for  acetylene  (6.14)  and  some  represent¬ 
ative  calculations  of  tbc  ground  state  one  electron  energies  and  tbs  ionization  levels.  Ander¬ 
son  bas  used  an  Extended  Huckei  approach  modified  to  include  two  body  repulsions  to 
determine  the  lowest  energy,  geometric  configuration  of  organome tallies  and  adsorbed  species 
(IS).  The  energy  levels  calculated  for  free  acetylene  with  bis  method  are  indicated  m  b)  and 
show  some  variance  with  the  observed  ionization  levels  shown  in  a).  Thu  is  also  true  for  more 
ngorous  ab-miuo  LCAO  SCF  methods  shown  in  cl  and  d).  The  levels  in  c>  were  calculated 
wub  an  unrestricted  Hartree-Fock  method  using  a  4-31G  basis  set  (Gaussian  G-70  (161).  The 
levels  in  d)  are  the  Hartree-Fock  limit  values  of  Cletnenti  (18).  The  ionization  levels  shown  in 
e)  were  calculated  by  Cederbsum  and  Detncke  (18)  and  agree  very  favorably  with  experiment. 

In  the  analysu  we  do  here  we  choose  to  combine  the  results  of  an  Extended  Huckei 
calculation  which  can  simulate  the  bonding  properties  to  a  Ni  surface  (13)  with  the  results  of 
our  Gaussian- 70  calculations  which  describe  the  relative  energy  levels  for  free  hydrocarbon 
molecules  very  well  (19).  Thus,  we  try  to  use  both  methods  in  a  complementary  fashion  so  as 
to  take  advantage  of  each  The  combined  results  are  then  used  to  guide  the  interpretation  of 
our  expenmental  results  In  Figure  2  we  present  an  example  to  show  how  this  is  done  Panel 
A  shows  the  Extended  Huckei  calculations  for  free  acetylene,  free  CHj  fragments  and  three  of 
these  same  fragments  adsorbed  in  the  bridging  sites  of  a  31  atom  Ni  atom  cluster  The  31 
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itoo  Ni  duster  ties  19  dosed  packed  atoms  on  one  (top)  surface  and  12  atoms  below  so  as  to 
simulate  a  (III)  Ni  surface  Thu  duster  is  displayed  elsewhere  (IS).  (We  note  that  the 
"free  '  CH;  levels  are  also  identical  to  those  determined  by  moving  the  three  CH:  species  10 
A  away  from  the  original  surface  cluster.)  From  these  calculations  we  learn  how  certain  levels 
are  shifted  upon  bonding  to  the  Ni  surface  and  where  all  levels  lie  relative  to  those  of  free 
acetylene  Although  differences  in  bonding  sites  slightly  alter  the  locations  of  some  levels,  this 
is  a  small  effect  co  aside  ring  the  levels  of  accuracy  of  this  method  and  the  manner  in  which  we 
hope  to  use  these  levels.  Bond  site  effects  are  further  known  to  be  small  for  the  case  of  CO 
bonded  to  transition  metal  surfaces  or  in  the  carbonyls  (20|. 

In  panel  B  we  make  s  similar  comparison  of  the  levels  for  free  C:H:  and  CH;  using  the 
Gaussian- '0  program  (16).  Based  upon  the  relative  level  shifts  observed  m  panel  A  upon 
bonding  to  Ni  we  can  predict  what  the  pattern  of  levels  should  look  like  on  Ni.  The  use  of  the 
levels  from  thu  ab-initio  method  serves  to  provide  us  with  s  better  description  of  the  relative 
level  spacing*  between  both  the  higher  lying  e-valence  levels  of  CH*  and  the  carbon  2ss-2ss* 
levels  whereas  the  'renormalization  '  of  these  levels  by  the  Extended  Huckel  method  takes  into 
account  substrate  screening  and  bonding  effects.  Finally,  we  compare  the  relative  calculated 
levels  for  free  acetylene  and  the  expected  levels  for  CH:  on  Ni  (111),  panel  B.  to  the  meas¬ 
ured  ionization  levels  of  scetylene.  panel  C.  and  predict  where  the  ionization  levels  of  a  CH; 
species  on  Ni  should  Uc  Here,  the  relative  positions  of  the  CH:  <r-levels  and  carbon  2ss  levels 
are  essentially  derived  from  panel  B  modulo  any  bonding  shifts  found  in  A.  while  the  absolute 
location  of  the  lowest  lying  carbon  2ss  level  relative  to  scetylene  is  derived  from  panel  A.  The 
latter  is  done  to  account  for  chart*  transfer  and  any  differential  screening  effects  which  may 
occur  in  the  presence  of  nickel  surface  atoms  However,  we  note  that  the  large  'relaxation 
screemng  shift  '  occunng  for  chemisorbed  acetylene  [1]  may  not  occur  for  the  other  chemi¬ 
sorbed  fragments  aod  «nll  alter  our  predicted  I.P  s.  To  zeroth  order  we  expect  these  differen¬ 
tial  shifts  to  b*  less  for  these  fragments  which  may  shift  all  levels  upward  by  as  much  as  l.SeV 
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relative  to  the  levels  of  acetylene  Thus  the  scale  for  our  predicted  I  P  's  is  uncertain  by  this 
amount 

Following  the  foremenuoned  procedure  we  show  in  Fig  3  the  molecular  orbital  energies 
for  a  variety  of  simple  hydrocarbon  species,  all  displayed  relative  to  the  molecular  orbital 
energies  of  acetylene  calculated  with  the  Gaussian-70  program  (16).  The  dashed  levels 
indicate  orbitals  of  muted  parentage  and  whose  locations  are  more  s usee p table  to  error  We 
note  in  comparing  these  predicted  levels,  that  some  species  arc  difficult  to  distinguish,  eg  CH 
and  CH*.  Other  species  such  as  C  and  C*  have  markedly  different  energy  levels  and  can  be 
easily  distinguished  In  several  cases  we  find  that  the  different  states  of  hydrogen  desorbing 
from  .he  surface  during  TPTD  provides  additional  help  in  distinguishing  between  some  of  these 
species  as  wtU  be  discussed  later 

IV  Eipcnmental  Results 

In  Fig.  4.  we  show  the  hr»2I.2eV  photoemissioo  spectra.  N(E).  for  two  different 
eiposures  of  acetylene  to  Ni(IOO)  at  room  temperature  The  difference  spectra.  dN(E>. 
displayed  in  panel  a)  shows  a  coverage  dependence  to  the  adsorption  process  which  is  sugges¬ 
tive  of  multiple  phase  formation  For  exposures  above  -2  Langmuirs  (2L)  the  additional 
features  m  the  difference  spectra  are  similar  to  those  seen  for  higher  exposures  of  acetylene  to 
Si<  1 11 ).  Here,  we  believe  that  the  broad  peak  centered  at  7  6  e V  consists  of  two  peaks  split 
by  about  1/2  eV  and  show  further  evidence  for  this  latter  Since  our  TPTD  results  (to  be 
discussed  later)  indicate  that  this  species  is  a  hydrocarbon,  we  therefore  designate  it  as  CyHy 
For  exposures  below  2L  the  features  m  dN(E)  are  more  complex  and  can  be  associated  with 
the  levels  of  chemisorbed  acetylene,  a  carbon  species,  and  some  of  the  fore  mentioned  CxHy 
phase  In  panel  b)  ere  show  the  difference  spectra  taken  with  filtered  hr— 40  SeV  radiation  at 
saturation  coverages  We  indicate  the  levels  of  chemisorbed  acetyleoe  on  NHIOO)  (8]  and  the 
levels  for  the  CXHY  species  Here  the  levels  for  the  CXHV  species  were  determined  from  the 
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b*-2!2eV  results  in  panel  a)  and  (he  low  temperature  studies  to  be  described  later  The  sum 
of  these  two  sets  of  levels  produce  level  positions  and  relative  level  intensities  similar  to  those 
observed  in  b)  except  for  two  peaks  at  ~  13  and  4c V  These  peaks  arc  identical  to  those  of  a 
Cx  species  which  we  form  by  heating  to  630K  to  decompose  the  adsorbed  hydrocarbon 
species  and  desorb  all  hydrogen  from  the  surface  (as  shown  in  panel  c).  Evidently  some  Cx 
species  form  at  room  temperature  initially  during  the  2L  exposure  as  evidenced  by  the  peak  in 
the  he—  21.2eV  spectrum  at  ~4e  V  in  Panel  B  Thus,  we  can  identify  C:H;.  Cx.  and  CXHY 
species  formed  together  on  Ni(lOO)  at  room  temperature  below  2L  exposure  and  predominant¬ 
ly  CXHY  species  above 

We  can  more  clearty  isolate  the  CXHY  species  by  performing  the  acetylene  adsorption  at 
low  temperatures  followed  by  momentary  heating  of  the  sample  to  higher  temperatures  In 
Fig.  5  we  show  the  photoemmion  results  at  h»-21  2  and  40  SeV  for  a  2L  exposure  of 
acetylene  to  Ni(IOO)  at  T~100K.  followed  by  momentarily  heating  the  sample  to  425K.  The 
difference  spectra  after  thermal  conversion  shows  both  a  CXHY  and  a  Cx  species.  For  low 
temperature  exposures  above  2L  longer  heating  and  or  higher  temperatures  are  needed  to 
completely  cooven  chemisorbed  C;H:  to  the  other  species  These  results  suggest  that 
chemisorbed  acetylene  oo  Nil  100)  is  more  stable  at  higher  coverages  in  the  presence  of  these 
other  species  For  a  IL  exposure,  the  lowest  exposure  studied  at  low  temperatures,  we  observe 
that  C;H;  partially  converts  to  CXHY  species  after  warming  to  about  room  temperatures  The 
Cx  species  then  form  at  higher  temperatures  above  room  temperature  We  cannot  determine 
whether  these  Cx  species  are  denved  from  C:H:  or  CXHY.  At  higher  temperatures  (and  at 
low  high  coverages)  after  all  C:H:  disappears,  the  CxHy  species  decomposes  to  produce  more 
Cx  species 

In  Fig.  6  we  show  our  photoemission  results  for  the  room  temperature  adsorption  of 
acetylene  oo  Nifl  10)  For  higher  exposures  at  hr«21  2«V.  shown  m  panel  a.  we  see  a  valence 
level  structure  somewhat  similar  to  that  observed  on  Ni(lOO).  Again,  this  broad  peak  can  be 
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resolved  into  several  distinct  components  from  the  high  ind  low  coverage  difference  spectra 
shown  in  panel  b.  At  the  lowest  coverages  (1.5L)  we  observe  an  increase  in  the  work  function 
of  0  1  eV  and  hydrogen  desorption  features  (to  be  discussed)  which  are  characteristic  of 
chemisorbed  hydrogen  on  the  surface  The  presence  of  adsorbed  atomic  hydrogen  chemi¬ 
sorbed  on  Nil  110)  produces  a  weak  broad  peak  at  5  8eV  below  Ep  as  observed  on  Ni(lll) 
(21.22).  We  can  attribute  the  broad  peak  between  4-6  eV  in  the  I.3L  kN(E)  spectra  with 
adsorbed  hydrogen.  The  remaining  peaks  at  10.6  and  7.2  eV  for  this  1.3L  exposure  can  be 
associated  with  another  phase  whicn  we  call  CXHY*  and  are  able  to  also  isolate  from  our  low 
temperature  studies  (to  be  discussed).  For  exposures  above  3L  we  observe  two  levels  at  10.2 
and  7  4eV  characteristic  of  another  hydrocarbon  species  which  differ  in  location  from  those 
seen  for  CH  oo  Ni(lll)  and  CXHY  on  Ni(100).  We  refer  to  this  species  as  CXHY"  For 
exposures  between  l  5-3L  a  level  at  ~9eV  and  a  skewing  of  the  -lleV  level  for  CxHy'  to 
larger  energies  suggests  the  presence  of  some  small  amount  of  chemisorbed  acetylene.  The 
br«40  SeV  spectra  is  shown  in  Fig.  6  panel  c.  Here  we  observe  a  broad  almost  structureless 
valence  band  between  ll-6cV  and  a  very  broad  band  at  l*-l7eV  m  the  carbon  2ss  orbital 
region  These  broad  levels  are  consistent  with  the  superposition  of  the  valence  levels  found  for 
chemisorbed  CjH-  oo  Ni(llO)  (26).  CXHY'  and  CXHY  species. 

The  levels  shown  for  chemisorbed  CXHY’  are  again  more  clearly  determined  from  our  low 
temperature  studies  In  Fig.  7  we  show  the  results  of  thermal  processing  of  a  1L  exposure  of 
chemisorbed  acetylene  adsorbed  on  Ni(llO)  at  T~  1 00 It  Momentary  heating  to  room 
temperature  produces  a  new  phase  »uh  levels  similar  to  those  occurtng  for  room  temperature 
exposures  below  3L.  For  higher  initial  coverages  of  chemisorbed  acetylene  at  low  tempera¬ 
tures  (>I.3L  exposure),  we  find  that  warming  to  room  temperature  does  not  convert  ail  the 
C;H:  to  CxHy'  and  that  further  warming  to  higher  temperatures  forms  CyH^"  These 
CXHY"  species  must  form  from  the  excess  unconverted  chemisorbed  acetylene  and  not  from 
the  CxHY'  species  since  we  see  no  disappearance  of  CXHY’  as  CXHY"  forms. 
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The  temperature  programmed  thermal  desorption  spectra  as  a  function  of  esposure  of 
acetylene  to  the  (111).  (100)  and  (110)  nickel  surfaces  at  room  temperature  are  shown  in  Fig 
8.  Since  the  decomposition  of  hydrocarbon  fragments  on  Ni(lll).  (100)  and  (110)  surfaces 
produce  almost  exclusively  molecular  hydrogen  we  show  only  hydrogen  desorption  spectra. 
These  desorption  spectra  are  not  calibrated  and  indicate  relative  signals  on  each  surface  From 
previous  studies  on  Ni(lll)  [3.31  ibe  hydrogen  desorption  occumng  near  410K  arises  from  the 
decomposition  of  chemisorbed  acetylene  while  the  desorption  above  ~430K  arises  from  the 
decomposition  of  CH  and  above  -  520K  from  CH;  and  possible  polymerized  species  The 
desorpuon  spectra  on  NiflOO)  show  a  coverage-dependent  desorption  peak  between  400  -  430 
K  and  higher  temperature  features  (above  4$0K)  similar  to  those  observed  on  Ni(lll).  On 
NiflOO)  there  also  appears  to  be  some  hydrogen  desorption  on  the  leading  edge  of  the  4  OK 
peak  suggestive  of  small  amounts  of  chemisorbed  atomic  hydrogen.  Thu  correlates  to  the 
formation  of  carbon  on  Ni(l00)  below  2L  exposure  as  seen  in  Fig.  4 

For  Ni(llO)  an  atomic  hydrogen  desorption  feature  is  evident  at  low  acetylene  exposures 
aod  represents  '1,2  of  the  total  hydrogen  desorption  observed  We  therefore  postulate  that 
at  room  temperature  and  up  to  2L  exposure,  half  the  hydrogen  in  acetylene  is  removed  and 
becomes  bonded  as  atomic  hydrogen  to  the  Ni(110)  surface  At  higher  exposures  we  see  less 
atomic  hydrogen  and  significantly  more  of  the  higher  temperature  hydrogen  decomposition 
products  Our  phot oe mission  studies  of  the  decomposition  as  a  function  of  heating  tempera¬ 
ture  indicate  that  the  desorption  features  for  acetylene  on  Ni(llO)  appear  to  be  largely 
intrinsic  to  the  initial  adsorbed  species  and  are  not  caused  by  the  decomposition  of  the  new 
hydrocarbon  species  formed  at  higher  temperatures.  Namely,  we  see  CXHY'  and  CxHy" 
species  gradually  disappear  to  form  Cx  as  we  incrementally  pulse  heat  the  sample  to  higher 
temperatures  The  CxHy”  species  persists  to  the  highest  temperatures  We  thereby  relate  the 
desorption  features  above  '450K  (i.e..  the  peak  at  -350K  at  saturation  coverages)  to  the 
decomposition  of  the  CxHy"  species. 
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IV  Identification  of  the  Observed  Hydrocarbon  Phases 

We  have  distinguished  four  species  in  our  studies  of  acetylene  on  Ni(IOO)  and  (110) 
surfaces  which  we  have  labelled,  as  Cx.  CxHy.  CxHy'  and  CxHy”  These  are  in  addition  to 
the  molecular  adsorbed  phases  of  acetylene  formed  on  each  face  In  Tabic  I  we  summanrc  the 
vertical  toauauon  levels  observed  for  chemisorbed  acetylene  and  the  various  fragments 
observed  on  the  Ni  surfaces  studied.  In  identifying  these  species  we  consider  both  the  energy 
levels  of  Fig.  3  and  our  thermal  desorption  resuits  As  discussed  next,  these  new  species  can 
be  identified  as  atomic  carbon.  CH.  CH;  and  CCH  species 

The  Cx  species  has  similar  levels  on  each  surface.  Thu  species  has  levels  relative  to 
chemisorbed  acetylene  which  are  characteristic  of  atomic  carbon.  We  rule  out  C2  species  (or 
Cj.  C4,  etc.  species)  since  these  would  have  and  2*„  molecular  orbitals  formed  from  the 
bonding  and  antibonding  combination  of  the  carbon  2s  atomic  levels.  Such  differences  in  the 
lowest  lying  carbon  2a-denved  levels  clearly  dutinguuh  atomic  carbon  from  any  other  carbon 
species  (including  a  graphitic  overiayer). 

The  CxHy  species  formed  on  NU100)  at  room  or  low  temperatures  has  similar  high  lying 
valence  levels  to  (hose  for  the  CH  species  on  Ni(Ul).  However,  the  position  of  the  lower 
lytog  level  differs  by  -1#V  and  suggests  from  Fig.  3  that  CxHy  is  a  CH;  species  Although 
such  an  assignment  agrees  with  the  formation  of  car  boo  00  (he  surface  at  low  coverages,  we 
do  not  see  any  increase  in  surface  carbon  at  higher  exposures  when  more  CxHy  forms  Thus, 
the  carbon  formed  at  lower  exposures  need  not  be  a  product  of  forming  CH:  from  C;H>.  We 
thereby  assign  the  CxHy  species  to  CH  species  and  believe  that  the  difference  in  location  of 
the  2«(  level  relative  to  that  found  for  CH  on  Ni(lU).  arises  from  differences  m  us  bonding 
site,  geometry  and/or  relaxation  screening  effects  00  Ni(IOO).  The  similarities  in  the  thermal 
desorption  spectra  on  Ni<  100)  and  Nl(  111 )  above  T>450K  also  support  thu  conclusion 


Page  11 


The  CXHY'  species  formed  on  Ni(llO)  at  low  coverages  and  room  temperatures  has 
slightly  different  energy  levels  and  work  function  changes  from  that  occurring  at  higher 
coverages  and  liquid  nitrogen  temperatures  These  differences  may  arise  from  small  differ¬ 
ences  in  bonding  sues,  molecular  onentation  on  the  surface  or  molecular  geometries  Such 
differences  may  arise  from  differences  in  packing  densities  and  the  presence  of  coadsorbed 
acetylene  at  room  temperature.  In  identifying  the  nature  of  CXHY'  *e  note  that  the  similarity 
of  these  levels  to  chemisorbed  acetylene  might  initially  suggest  a  thermally  activated  change  in 
acetylene  bonding  sue  oo  Ni(llO).  However,  the  thermal  desorption  results  in  Fig.  8  indicate 
that  below  ~  2L  about  half  of  the  hydrogen  atoms  in  acetylene  have  become  dehydrogenated 
and  bound  to  the  surface.  The  dehydrogenated  species  in  Fig.  3  which  has  levels  consistant 
with  those  observed  is  a  CCH  species  We  thereby  associate  the  CXHY'  phase  with  a  CCH 
species  From  our  thermal  desorption  results  the  CCH  species  decompose  between 
*-38<M’5*K.  The  tecood  CXHY"  phase  on  Ni(llO)  which  forma  at  higher  exposure  has 
levels  somewhat  similar  to  the  CH  species  oo  Ni(lOO)  and  Ni(llO).  However,  the  two  higher 
lying  levels  of  CXHY  are  more  greatly  split  than  expected  for  a  CH  species  [see  Fig.  3]  and  the 
lowest  lying  level  occurs  at  a  lower  energy  Both  of  these  differences  are  expected  for  a  CH; 
species  However,  we  must  justify  the  absence  of  atomic  carbon  in  forming  CH;  on  Ni(  1 10) 
from  impinging  acetylene 

The  presence  of  atomic  hydrogen  on  the  surface  from  the  low  coverage  reaction. 
C;H:-»CCH—f  a-H^j,  can  provide  another  route  to  form  CH;  without  producing  carbon.  The 
disappearance  of  atomic  hydrogen  from  the  surface  for  higher  exposures  as  observed  in  Fig  8. 
suggests  it*  consumption  in  forming  CH;  Given  these  constraints,  we  can  postulate  the 
following  reaction  of  incident  acetylene  to  form  CH;: 

C:H:  ♦  Hada~HCCH\oda~HCads  *■  CH :mfr 

Here  HCCH\  is  an  unstable  surface  intermediate.  The  energy  levels  of  a  CH  species  as  found 
oa  Ni(IOO)  or  Nil  I II)  would  be  masked  by  those  for  the  CH:  species  Indeed  the  additional 
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hydrogen  desorption  observed  is  Fig.  8  on  Ni(UO)  which  occur*  above  the  2L  exposure  at 
about  430-530K  can  be  associated  with  the  decomposition  of  CH  specie*  [3]  The  CH-. 
specie*  decompose  above  550K 

VI  Summary  a od  Discussion 

The  reaction  of  acetylene  with  Ni(lOO)  or  Ni(UO)  surfaces  at  room  temperature  is 
strikingly  more  complex  than  observed  on  Ni(lll)  [3.3].  On  Niflll)  it  was  found  that 
acetylene  chemisorbs  moiecularly  to  form  a  p<2*2)  overlayer  (3L  exposure)  after  which  CH 
species  form.  On  Ni(lOO)  we  observe  C.CH  and  C:H;  forming  together  at  low  coverages  (< 
2  L  exposures)  and  CH  species  above.  On  Nil  110)  H  and  CCH  species  first  form  (<  1  3  L 
exposures)  together  with  trace  amounts  of  chemisorbed  acetylene  (1.3  •  31  exposures), 
followed  by  the  formation  of  CHj  and  likely  CH  species  (>  3L  exposures)  From  our  thermal 
desorption  results  we  predict  the  following  relative  stabilities  for  the  various  hydrocarbon 
phases  we  observe 


C:H:<CCH<CH<CH: 

We  note  that  such  relative  stabilities  apply  under  our  experimental  conditions.  The  presence 
of  high  hydrogen  partial  pressures  or  particular  surface  contaminanu  could  alter  this 

The  multiple  phase  formation  we  observed  here  has  not  been  found  m  other  detailed 
studies  on  Pt(lll)  (4.23)  but  may  also  occur  on  Fe<100)  [24]  and  lr(100)  [23]  surfaces  One 
also  clearly  sees  tbc  need  to  observe  all  the  valence  ionization  levels  and  consider  other 
measurements  combined  with  pbotoemission.  such  as  thermal  desorption  studies,  to  help 
discriminate  imongst  the  various  possible  species 

In  general  it  is  difficult  to  determine  tbe  microscopic  details  of  the  reaction  of  all  these 
species  However,  for  the  formation  of  CCH  on  Ni(lIO)  from  chemisorbed  acetylene  (at  low 
temperatures)  we  propose  an  idealized  model  for  tbe  formation  of  CCH  on  Ni(llO)  from 
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chemisorbed  acetylene  Using  the  molecular  geometry  for  chemisorbed  acetylene  on  Nil  110) 
at  low  temperatures  [26]  together  with  a  proposed  bonding  model  for  acetylene  on  Nil  111) 
[27],  we  suggest  in  Fig.  9  a  model  for  the  bonding  of  acetylene  to  Nil  1 10).  This  bonding  site 
is  similar  to  the  sue  for  chemisorbed  acetylene  on  Nil  1 11)  and  is  also  the  bonding  site  for 
oxygen  on  Nil  1 10)  (28].  This  lower  coordination  bonding  site  on  Nil  1 10)  than  on  Nil  1 1 1 )  is 
also  consistent  with  the  weaker  molecular  distortions  observed  on  Nil  110)  than  on  Nil  111) 
(261.  In  warming  chemisorbed  acetylene  a  CCH  species  may  form  when  chemisorbed  acetyl¬ 
ene  rocks  about  tbc  two  bridging  Ni  atoms  and  places  a  hydrogen  atom  of  the  molecule  in 
close  proximity  to  the  nickel  surface  The  interaction  of  the  hydrogen  with  the  surface  (29]  as 
well  as  the  interaction  of  one  of  the  carbon  atoms  with  several  metal  atoms  may  allow  the 
removal  of  that  hydrogen  atom  and  the  formation  of  a  new  carbon  metaJ  bond(s).  The 
hydrogen  atom  removed  also  bonds  to  the  surface  (not  shown  in  Fig.  9).  The  high  coordina¬ 
tion  of  CCH  to  Ni  atoms  in  this  new  geometry  may  allow  this  to  be  a  stable  bonding  configu¬ 
ration.  However,  the  details  of  this  final  geometry  or  bonding  configuration  are  unknown  As 
mentioned  before,  tbe  CCH  species  which  forms  at  room  temperature  m  coexistence  with 
chemisorbed  C:H:  and  hydrogen  likely  has  a  slightly  different  molecular  orientation  and 
surface  geometry  than  (he  isolated  high  coverage  phase  we  form  by  momentary  thermal 
processing  of  chemisorbed  acetylene 

Finally,  we  briefly  compare  our  findings  to  those  of  other  recent  experiments  on  Ni  High 
resolution  electron  energy  loss  (HR£EL)  results  have  been  obtained  by  Bertoltm.  et.  ai.  (30] 
to  characterize  the  saturation  coverage  phase  of  acetylene  on  Nil  100)  at  room  temperature 
With  an  expen  mental  beam  width  at  half  maximum  of  ~  200  cm  they  observed  peaks  at 
746.  988.  1330  and  3023  cm*'  Based  upon  studies  of  adsorbed  acetylene  and  CH  species  on 
Nil  l  II)  (27.3|  we  believe  these  vibrational  spectra  on  NiflOO)  anse  largely  from  the  superpo¬ 
sition  of  chemisorbed  C2H;  and  CH  species  on  NiflOO)  The  adsorption  of  acetylene  on  a 
stepped  Ni(Ml)  surface  (3(111)  *  (110)]  has  also  been  examined  by  HREELS  (31).  Such 
stepped  surfaces  may  be  related  to  the  Nil  110)  surface  as  both  surfaces  contain  rows  of  low 
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coordination  metal  atoms.  On  the  stepped  surface  of  Ni  the  dehydrogenation  of  chemisorbed 
acetylene  to  form  C;  species  was  observed  even  at  T-140K.  [31].  Also  observed  was 
considerable  CH  stretching  vibrations  when  little  CH  or  C;H;  species  occurred.  Thu  we 
believe  suggests  the  presence  of  CCH  species  as  well.  It  is  interesting  that  of  all  the  nickel 
surface  studied,  acetylene  only  partially  dehydrogenates  on  the  more  open  (stepped -like) 
surfaces.  Such  dehydrogenation  effect*  near  steps  may  also  be  the  result  of  stencally  unhin¬ 
dered  rotational  motions  of  the  molecule  about  the  step  which  can  position  the  molecule's 
carbon  atoms  into  high  coordination  sites  as  proposed  in  our  dehydrogenation  model  for  C-H- 
on  NH 1 10). 
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Tibto  I  Summary  of  the  observed  vertical  ionization  level*  for  the  vanou*  acetylene-derived  phases  observed  on 
Nil  l  ID.  [refr.  3.5).  Nil  100)  and  Nil  1 10)  surfaces  Low  temperature  (LT).  room  temperature  (RT).  low  coverage 
(LO  and  high  coverage  (HC)  conditions  of  formation  are  indicated  where  necessary 


SURFACE 

PHASE 

VERTICAL  LP.  (in  eV.  EF-0) 

CHEMICAL 

ASSIGNMENT 
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molecular  C-H- 
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7.6  Hel  \ 
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atomic  carbon 
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molecular  OH- 
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Figure  l.  energy  i.vi 


Compansoo  of  tie  gaseous  vertical  ionization  even  of  acetylene  [6.14]  (a)  to  the  ground  state  orbital 
energies  calculated  with  (b)  an  Extended  Huckel  method  [IS]  and  (c)  an  unrestricted  Hartree  Fock 
LCAO  SCF  method  [16]  using  a  4-31G  bams.  Near  Hartree  Fock  limit  levels  [IT]  (d)  and  calculated 
vertical  ionization  potentials  [IS]  (e)  are  also  shown  for  compansoo. 


Figure  2. 
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Compansoo  of  the  relative  molecular  orbital  energies  calculated  for  acetylene  and  CH;  species  using  an 
Extended  HOckel  method  [IS],  panel  A.  and  using  a  LCAO/ SCF  method  [16].  From  panels  A  and  B 
we  predict  the  LP  'l  for  a  CH-  species  on  a  Ni  surface  (panel  C)  «  discussed  in  the  text. 
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Figure  3 

Predicted  energy  levels  for  various  hydrocarbon  species  on  Ni  relative  to  the  levels  of  acetylene  as 
described  m  the  test. 
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Figure  4 

U.V  photoemission  energy  diitnbution  spectra  N(E)  for  clean  Ni(IOO)  and  for  two  different  acetylene 
exposures  (in  Langmuirs)  to  Ni(lOO)  at  room  temperature,  panel  (a).  The  difference  spectra.  dN(E). 
obtained  with  filtered  hr-40  8eV  radiation  before  and  after  heating  arc  shown  in  panels  (b)  and  (c) 
The  levels  which  can  be  associated  with  specific  species  are  denoted  (see  text). 
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U.V  Photoemtssion  spectra.  N(E).  for  clean  Ni(lOO)  at  T'-IOOK  and  after  exposure  to  2  Langmuirs  of 


acetylene  at  T~IOOK.  followed  by  heating  to  42SK.  panel  (a).  The  filtered  hr-40.8eV  difference 


spectra  aN(E),  after  the  heat  treatment  is  shown  in  (c).  The  levels  which  can  be  associated  with 


specific  species  are  denoted  (see  text) 
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Figure  6. 

U.V  Photoemisston  spectra.  N(E).  for  clean  Ni(UO)  at  room  temperature  and  after  exposure  to  7 
Langmuirs  of  acetylene,  panel  (a).  The  difference  spectra.  AN(E).  between  various  exposures  are 
indicated  m  panel  (b)  while  the  filtered  h»-*0  8eV  AN(E)  spectra  is  shown  in  panel  (C).  The  levels 
which  can  be  associated  with  specific  species  are  denoted  (see  text). 
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Figure  7. 


UV  Photcemission  spectra.  N(E).  for  clean  Ni(MO)  at  T'-IOOK.  after  exposure  to  I  Langmuir  of 
acetylene  and  followed  by  warming  to  T-300K.  panel  (a).  The  difference  spectra  for  h»«21  2eV  and 
br«40  8«V  are  shown  m  panels  (b)  and  (c)  before  and  after  conversion  of  chemisorbed  acetylene. 
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Figure  8. 
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Temperature  programmed  thermal  desorption  spectra  of  hydrogen  as  a  funcuon  of  acetylene  exposure  to 


Nidi  I).  (100)  and  (110)  surfaces.  The  desorption  spectra  for  chemisorbed  hydrogen  from  Ni(llO)  is 


indicated  by  the  dashed  line 


Figure  9. 


Schematic  model  of  the  bonding  and  reaction  of  chemisorbed  acetylene  on  Ni(IIO)  to  form  CCH 
species  as  described  in  the  test.  The  hydrogen  atom  produced  in  the  reaction  bonds  to  the  surface  at 
some  unknown  site  and  is  not  tbosm  in  (b). 
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